Two tripodal hexa-urea receptors functionalized with aromatic terminal groups are capable of binding choline phosphate (CP). Crystal structures of the host-guest complexes reveal that the zwitterion CP is efficiently encapsulated in the tripodal hosts in a dual-site binding mode. The phosphate tail of CP is coordinated by the urea groups and the quaternary ammonium head is bound in a 'composite aromatic box' through cation-p and hydrogen-bonding interactions. Such a partial aromatic binding environment for the Me 3 N-+ cation mimics that of most enzymes catalyzing the conversion of quaternary ammonium substrates. Moreover, NMR, ESI-MS, and fluorescence studies demonstrate the selective binding and sensing of CP over other competing species such as ADP, ATP, choline and derivatives.
Introduction
Inorganic and organic phosphate species play pivotal roles in biological systems.
1 Natural phosphocholine (PC) derivatives (phospholipids) are a major component of cell membranes. The simple choline phosphate, Me 3 NCH 2 CH 2 OPO 3 À (CP), which contains a trimethylammonium head and a divalent phosphate tail (monoester), is an important phosphorylated compound in many biological processes. It is generated during the conversion of ATP to ADP (ATP + choline / ADP + CP) by choline kinase (ChoK), with the transfer of a phosphate group from ATP to choline, and serves as an intermediate for the biosynthesis of phosphatidylcholine (PC). The overexpression of an isoform of ChoK has been associated with human cancers, resulting in an increase of the CP levels required for the growth of cancer cells. 2, 3 Hence, in order to get deep insight into these bioprocesses, it is essential to study the complexation and sensing of CP by synthetic receptors.
Due to the zwitterionic and strongly solvating nature of choline phosphate, receptors for this guest and related derivatives need to be deliberately designed, e.g. by installing synergetic dual binding sites, to mimic biological systems. In general, the quaternary ammonium head is bound through cation-p interactions by a variety of macrocyclic arenes, such as calix [6] arene, 4,5 cavitand, 6 and hemicryptophane moieties, 7 while the phosphate tail is bound by either hydrogen bonding or metal coordination.
4-7 For example, de Mendoza et al. 4a designed a receptor for dioctanoyl-L-a-phosphatidylcholine (DOPC), which contains a guanidinium moiety for H-bonding with the phosphate monoanion and a calix [6] arene for the Me 3 N-+ head, by mimicking the antibody-antigen complex McPC603-PC. 8 On the other hand, phospholipase C, a zinc-containing metalloenzyme that binds PC via simultaneous zinc-phosphate coordination and cation-p interactions, 9 also promoted the design of hosts for selective binding of DOPC. 6a,7 Nevertheless, such hosts oen suffer from difficulties such as complicated synthetic routes, low yield, low selectivity (ion-ion interactions or metal-coordination), and lack of crystal structures for direct evidence of the host-guest interactions. Moreover, contrary to the commonly focused PC (di-ester) derivatives, studies targeted on CP are scarce. To our knowledge, only two examples of articial receptors for CP have been reported. 7, 10 Thus, exploration of new strategies for selective binding and sensing of CP is still highly desirable.
Anion coordination chemistry is an important branch in supramolecular chemistry.
11 We have developed a series of oligo-urea ligands for anion coordination.
12 The tripodal hexaurea L 1 (Scheme 1) 13 and related ligands 14 display efficient coordination with the divalent sulfate ion. Recently, the triple anion helicate formed from a bis-bis(urea) ligand with a methylene-diphenylene spacer was found to exhibit an 'aromatic box' that can selectively bind choline and its derivatives.
15 Therefore, we reasoned that the hexa-urea moiety with aromatic terminal groups may provide the necessary dual binding sites for the anionic choline phosphate. Compared to the charge neutral PC (phosphatidylcholine), the CP carries an overall negative charge À1 with a dianionic mono-ester ROPO ICP] (complex 3), were obtained by diffusion of diethyl ether to an MeCN solution.
In the crystal structure of complex 2 (Fig. 2) , the phosphate group of CP is coordinated by all six urea units through 12 hydrogen bonds (black dashed lines, N/O distances range from 2.748 to 3.053Å, av. involved in H-bonding. Meanwhile, the orientation of the tetrahedral phosphate is reversed, with one vertex (attached by the choline arm) pointing to the outer substituents so that the trimethylammonium fragment can contact with the aryl rings.
Within the 1 : 1 host-guest complex, the Me 3 N-+ head forms an 'intramolecular' cation-p interaction with one nitrophenyl group (purple dashed line, N/centroid distance: 5.454Å; Fig. 2b ). However, a closer inspection revealed that the quaternary ammonium head is also bound by 'intermolecular' C-H/O hydrogen bonds from a urea carbonyl and a nitro group of other surrounding [L 1 ICP] units (blue dashed lines, C/O distances range from 3.168 to 3.434Å, av. 3.264Å, Fig. 2b) . Overall, the CP guest is accommodated in a 'composite aromatic box' (illustrated as a green dashed circle in Fig. 2b) . 16 It is known that quaternary ammonium is a very important motif in biomolecules (such as choline and its derivatives), and the cation-p interactions are recognized to be extensively present for the binding of this cationic group. However, it was found that, although synthetic receptors frequently (78%) employ a highly hydrophobic, complete aromatic box containing three or four (or more) aromatic rings for binding, in related enzymes the majority (93%) of the Me 3 N-+ binding site adopts a combination of both aromatic (one or two aromatic residues) and charged or polar interactions. This latter feature is termed a 'composite aromatic box' by Nagy and Vértessy and it is proposed that such a general architecture may be advantageous for assisting multiple steps of enzyme action.
16
Thus, complex 2 (and the analogue 3, vide infra) represents a nice articial receptor showing not only a complementary binding cavity for the phosphate mono-ester but also a 'composite' (or 'partial') aromatic environment for Me 3 N-+ that mimics the proteins in the solid state (Fig. S5 †) . Moreover, it is worth noting that the current complexes are rare examples of X-ray crystal evidence of a host-guest complex with CP. The only other known example is the complex of a pyrogallol[4]arene receptor, in which the cationic Me 3 N-+ head of CP forms cation-p interactions while the phosphate is involved in hydrogen bonding with the hydroxyl groups of the receptor and lattice water molecules.
10
The analogous complex 3 also features 1 : 1 complexation of CP by ligand L 2 , but its structure is somewhat different from that of 2. In this case, ve of the urea groups are convergent and participate in the binding to the ROPO 3 2À tail of CP, through a total of ten N-H/O hydrogen bonds to the three nonesteried O atoms (one of them receives only two H-bonds because a urea group is twisted away from the binding pocket (N8, N9, Fig. 3a) ). The N/O distances range from 2.736 to 3.151Å (av. 2.940Å) and N-H/O angles are from 134 to 172 (av. 151 , black dashed lines, Fig. 3b) . The 'missing' urea group, instead, forms two intermolecular hydrogen bonds with a urea carbonyl of another inclusion complex. A pair of symmetryrelated urea/urea interactions dimerizes two [L 2 ICP] À units in close proximity (Fig. S4 †) . This twisting of the urea arm may be caused by both of the steric and electronic reasons: the larger naphthyl groups may force one arm away and the lack of electron-withdrawing groups may weaken the hydrogen bonding ability of the urea NH donors. Nonetheless, this deformation facilitates a further cation-p interaction between the phenylene linker (centroid C1 in Fig. 3b ) of this bis-urea arm and the trimethylammonium fragment of CP (purple dashed line, N/C1 distance: 4.524Å) in addition to that provided by a terminal naphthyl ring (centroid C2, N/C2: 4.717Å, Fig. 3b Fig. S6-S8 †) .
For the naphthyl-decorated L 2 , the binding of choline phosphate was further studied by uorescence titrations. Upon gradual addition of CP to 10 mM solution of L 2 in DMSO/2% H 2 O, significant uorescence quenching of the host at 372 nm was observed, with 2.0 equiv. of CP causing the saturation of the titration (Fig. 5) . A binding constant of 1.2 Â 10 6 M À1 was obtained by tting the titration curve with the Dynat program 17 to a 1 : 1 mode, which was further conrmed by Job's plot (Fig. S17 †) . In contrast, the binding constant (1.0 Â 10 4 M À1 ) in DMSO/25% H 2 O was much smaller (Fig. S18 †) , possibly due to the decreased hydrogen bonding strength of phosphate in this aqueous solution.
To better understand the dual-site binding mechanism of CP by the tripodal ligands, uorescence titrations of L 2 with some related species were carried out for comparison with CP. The binding ability of the hexa-urea moiety was elucidated by using guests containing only the anionic phosphate tail, such as dibutylphosphate (DBP) and butylphosphate (BP) (Scheme 1b). It can be seen that the anion binding site shows a slightly smaller affinity to the dianionic fragment of BP (binding constant K ¼ 6.4 Â 10 5 M À1 , Fig. S19 †) , which is about half of
) for CP featuring the same monoester head. However, the binding to the monoanionic dibutylphosphate DBP (K ¼ 9.2 Â 10 3 M À1 , Fig. S20 †) is much weaker than that to CP. On the other hand, for butyl-trimethylammonium (BTA), which contains the quaternary ammonium head but not the phosphate tail, only a negligible uorescence change of L 2 was observed (Fig. S21 †) . Therefore, it appears that the coordination of the phosphate tail by the hexa-urea has more contribution to CP binding, which may in turn organize the three arms in a convergent fashion, thus providing a partial aromatic box for binding the cationic head.
Having established the strong binding of CP by L 2 , we then evaluated the selectivity over some related/competing guests (Scheme 1b). As mentioned above, CP is a key intermediate in the metabolic process and may be used to monitor the function of choline kinase. To this respect, the three species, i.e. choline (Ch), ADP and ATP, which are all involved in the process of ATP to ADP conversion, were tested. The addition of ADP caused a uorescence quenching of host L 2 but the rate is much smaller than in the case of CP.
While 2.0 equiv. of CP led to 80% quenching, only 20% decrease was generated by 2.0 equiv. of ADP (and 15 equivalents were needed to complete the change; Fig. 5b and S22 †). Consequently, the binding constant of ADP (7. ). This uores-cence quenching induced by the guest could be attributed to the promotion of the photo-induced electron transfer (PET) process from the tren nitrogen to the naphthalene uorophores aer guest binding.
18 In contrast, 2.0 equiv. of ATP caused a slight uorescence enhancement of L 2 (Fig. 5b) , which was further increased with large amounts of ATP (up to 50 equiv., Fig. S23 †) . This is possibly due to the protonation of the tertiary bridgehead amine of L 2 by ATP (pK a ¼ 4.06), which is a stronger acid than ADP (pK a ¼ 6.40), 19 leading to prohibition of the PET process and thus uorescence turn-on. 20 The protonation mechanism is further proved by the fact that HClO 4 can also induce uorescence enhancement of the ligand (Fig. S24 †) . In addition, Ch caused a negligible uorescence change of L 2 (Fig. S25 †) .
On (Fig. S26 †) . Competitive experiments with these guests were also carried out. Signicant uorescence quenching (about 50%) of L 2 at 372 nm was still observed in the presence of 1.0 equiv. of CP, ADP and ATP (Fig. S27 †) , although the decrease rate is smaller than that (about 65%) with CP alone. The results demonstrate that L 2 shows considerable selectivity to CP over some competitive guests (ADP, ATP and Ch). Next, two related compounds, i.e. the zwitterionic choline derivatives taurine and betaine that contain different anionic tails (Scheme 1b), were also examined. These two guests gave rise to no obvious uorescence quenching of L 2 in DMSO/2% water ( Fig. S28 and S29 †), highlighting again the good selectivity of L 2 for CP and the crucial role of the phosphate moiety in this recognition process. Moreover, consistent with the uorescence studies, 1 H NMR spectroscopy indicated no complexation between taurine or betaine and L 2 (Fig. S30 †) .
Conclusions
Two tripodal hexa-urea receptors with aromatic substituents are able to encapsulate choline phosphate (CP) even in a competitive aqueous medium. The exact binding mode is revealed by the crystal structures, which show the coordination of phosphate by the urea groups and binding of the quaternary ammonium head by a 'composite aromatic box' mimicking the key interactions found in biological systems. NMR and uo-rescence experiments indicate that the receptors show certain selectivity to choline phosphate over other competitive species. This work presents a nice example of both X-ray evidence and solution studies on the binding of CP and should open a new avenue for the mimicking of anionic or zwitterionic guest binding. Further improvement of the selectivity of the receptor for such guests is underway.
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